Surface sediments from two mangrove swamps in Hong Kong were enriched to obtain PAHdegrading microbial consortia. The consortium from sediments enriched with phenanthrene (Phe) in Ma Wan, a mangrove swamp next to a boat anchorage, was effective in degrading PAH with 96.7% and 89.9% Phe degradation at 0 and 10 ppt salinities, respectively. The Phe-enriched microbial consortium could also use pyrene (Pyr) as the sole carbon source but the degradation was much less (around 15%). On the other hand, the Phe-enriched consortium from sediments in Yi O, a mangrove swamp recently polluted by an oil spill, completely removed Phe and Pyr at both 0 and 10 ppt salinities. This suggests that different consortia were selected in two sediments using the same PAH substrate. Not only sediments, PAH substrate used for enrichment also selected different consortia. The Pyr-and Fla-enriched Yi O consortia only achieved 10.5 and 4.5% Phe degradation, respectively and the corresponding pyrene degradation was 7 and 40%. Among the three PAH compounds, fluoranthene (Fla) was most difficult to degrade, and 21.1, 11.3, and 36.8% Fla were degraded by Phe-, Fla-and Pyr-enriched cultures, respectively.
Introduction
Mangroves, the dominant inter-tidal wetlands found along coastlines of tropical and subtropical regions, are particularly susceptible to oil pollution as they are in regions active in oil production and transportation. Because their distribution is mainly in low wave energy sheltered bays, oil slicks from oil-spill accidents washed to the mangroves from incoming tides or from illegal industrial discharge will be retained in sediments. Elevated concentrations of polycyclic aromatic hydrocarbons (PAHs) have been found in mangrove sediments due to anthropogenic contamination (Kleskowski et al., 1994; Bernard et al., 1996; Tam et al., 2001) . The principal processes to remove PAH from contaminated sediments are microbial transformation and degradation (Cerniglia, 1992; Yuan et al., 2000) . The contaminated sediments could have harbored some indigenous groups of microorganisms, which have been acclimatizing, adapting, and capable of mineralizing and biodegrading the pollutants (Catallo and Portier, 1992; Chaineau et al., 1999) . Ramsay et al. (2000) reported that the number of aromatic-degraders in mangrove sediments was very high and had a considerable potential to degrade oil components. The use of native or indigenous microflora for biodegradation of toxic pollutants is often beneficial as this could be more cost-effective than the commercial inoculum. The indigenous microflora could also be more adaptive to the environment, and the problem related to the release of foreign organisms could be avoided. However, relatively few studies explored and compared the performance of indigenous microbial consortia enriched by different PAH substrates from sediments at different salinities. The present study therefore aims (1) to compare the PAH degradation abilities of microbial consortia enriched from surface sediments collected from two mangrove swamps in Hong Kong; (2) to examine effects of three-and four-rings PAH substrates (phenanthrene, fluoranthene and pyrene) used for enrichment on the degradation ability of the consortia; and (3) to investigate the salinity effect on PAH degradation. This study focuses on microbial consortia rather than individual isolates as an assemblage of different microbial species would have broader enzymatic capacities and have a greater capacity to degrade PAH (Yuan et al., 2000) .
Materials and methods

Mangrove swamps and sampling
Surface sediments (0-2 cm) collected from two mangrove swamps in Hong Kong, namely Yi O and Ma Wan were immediately used for enrichment. The pH, texture and organic matter concentrations in sediments were determined. Sub-samples were freeze-dried, extracted by trichloromethane and analyzed for total and individual PAH by gas chromatography according to the standard method described in Tam et al. (2001) . The degree of PAH contamination in sediments, the possible contamination source and the general feature of these two mangroves are summarized in Table 1 . Both mangrove swamps were polluted, and the concentrations of total PAH and individual PAH compounds were much higher than the background values (<100 ng g -1 ) of marine sediments in Hong Kong (Connell et al., 1998) .
Enrichment cultures
Mineral salt medium (MSM) was used as the basic culture medium and one PAH substrate, phenanthrene (Phe), fluoranthene (Fla) or pyrene (Pyr) purchased from Sigma Chemicals, USA with purity ≥96%, was added as the sole carbon source to enrich PAH-degrading microorganisms. Stock solutions of each PAH compound were prepared at a concentration of 1.0 mg ml -1 acetone, kept in a brown bottle at 4°C and wrapped to avoid any light illumination prior to use. MSM was prepared in deionized water with salinity equal to 0 ppt (parts per thousand), except when salinity effects were examined where artificial seawater at 10 and 30 ppt salinities were used to dissolve various salts. The medium pH was around 7.0-7.2. The original PAH-enriched microbial consortium was obtained by adding 10 ml sediment supernatant (1:10 sediment:deionized water) to a conical flask containing 90 ml sterilized MSM with 50 mg l -1 PAH substrate (either Phe or Fla or Pyr). The flasks were shaken in an orbital shaker (150 rpm) at room temperature (20±2°C) in the dark. Two weeks later, 10 ml aliquots were transferred to another 90 ml fresh MSM containing the same amount of PAH, and the flasks were shaken for another two weeks and this was considered as the 2nd enriched consortium. The enrichment was repeated to obtain the 3rd and 4th microbial consortia. The growth of each consortium was monitored at regular time intervals by measuring the optical density (OD) at 580 nm. The changes in pH and concentrations of PAH remaining in the culture were determined. At the end of the enrichment, the population size of the consortium was enumerated by conventional spread plate techniques and the characteristics of each colony were recorded.
Degradation experiments
A series of batch biodegradation experiments using the enriched consortia was conducted. To start the biodegradation experiment, 1 ml aliquot of the stock bacteria consortium which had reached the late exponential growth phase was added aseptically to 50 ml MSM containing 10 mg l -1 PAH compound (either Phe, Fla or Pyr) to give an initial optical density of around 0.1. The flasks were shaken in the same way as described above. Triplicates were prepared for each enriched consortium. The pH changes and microbial growth (in terms of absorbance at 580 nm) were measured at regular time intervals during the degradation experiment. The concentrations of PAH compounds at the beginning and that remained in the cultures at day 7 and 14 were determined according to the standard method (Tam et al., in press ). The abiotic losses of PAH during enrichment and degradation experiments were measured in control flasks with MSM supplemented with the same amounts of PAH at the same salinity as the treated flasks but without microbial inoculation.
Results and discussion
Effects of salinities on enriched microbial consortia from Ma Wan sediments
When Ma Wan sediments were enriched with 50 mg l -1 phenanthrene at 0 ppt salinity, a stable consortium was obtained within 7 days of enrichment, and there was no difference in growth between four consecutive enrichments (Table 2) . However, when the sediments were enriched at a higher salinity, 10 ppt, the microbial growth dropped with the number of enrichments, and the absorbance in the 4th enrichment was only one third of that in the 1st enrichment. It was difficult to obtained enriched cultures at 30 ppt salinity, and growth was minimal. The development of an enriched consortium resulted in a decline in phenanthrene concentrations in the medium. More than 90% Phe was removed by the microbial consortia from four enrichments at 0 ppt but the percentages of Phe degradation decreased with enrichment numbers at 10 ppt salinity (Table 3) . Phenanthrene was not degraded biologically in enriched cultures at 30 ppt. These results suggest that Ma Wan sediments harbored a group of microorganisms capable of using Phe as the sole carbon source for growth but high salinity would limit the development of a successful PAH-degrading microbial consortium because some salinity sensitive PAH-degraders might have been eliminated at high salinities. Salinity is one of the most variable environmental factors in mangrove sediments, and salinity periodically fluctuates in response to tides and freshwater inputs from rivers and landward discharges. Our previous study also showed that biodegradation of phenanthrene by a PAH-degrading bacterial isolate decreased at high salinities (Tam et al., 2002) . Hunter et al. (1986) reported that biodegradation rates of xenobiotics, bacterial counts and diversity tended to reduce at high salinities.
Degradation of phenanthrene and pyrene by microbial consortia enriched from Ma Wan and
Yi O sediments
The Phe-enriched microbial consortia obtained from Ma Wan and Yi O sediments were capable of degrading phenanthrene and pyrene but at different percentages. Table 4 shows that pyrene was more difficult to be degraded than phenanthrene by Ma Wan consortia. Unlike Phe-degradation, pyrene degradation was not affected by salinity, and no difference was found between the two consecutive enrichments. In contrast, the Phe-enriched Yi O microbial consortia were very effective in degrading both Phe and Pyr, and these two PAH compounds were not detected in the culture medium after 7 days of cultivation (Table 4 ). The enrichment numbers and salinity had no effects on both Phe and Pyr degradation by Yi Table 3 Residual phenanthrene concentrations (mg l -1 ) and percentages of degradation during four consecutive enrichments with 50 mg l -1 Phe by Ma Wan consortia (abiotic loss of Phe during 7 days incubation was 9.95 ± 2.92%; Phe was not measured in 30 ppt enrichment as no growth was found) O Phe-enriched consortia. Yamane et al. (1997) also reported that biodegradation rates of phenanthrene and anthracene were not affected by salinity level. It is possible that different microbial species with specific physiological activities and environmental requirements were selected in different studies, so the effects of salinities on biodegradation of hydrocarbons varied. In the present study, the population sizes and types of bacterial isolates in Ma Wan enriched consortia were different from that in Yi O (Table 5) , indicating that indigenous microorganisms present in mangrove sediments varied from swamp to swamp, and their sensitivity to salinity and efficiency in degrading PAH compounds were also different.
Effects of PAH substrates on enriched microbial consortia and their degradation Three consortia were selected from Yi O mangrove sediments by enrichment in a mineral salt medium containing phenanthrene, fluoranthene or pyrene. All three PAH substrates supported microbial growth and reached a maximum growth on day 7 but Fla-enriched consortia grew much less than Phe and Pyr-enriched cultures (Figure 1) . These results suggest that indigenous microorganisms in Yi O sediments were capable of using 3-or 4-rings PAH as the sole carbon source for growth, and fluoranthene was more difficult to be utilized so supported less microbial growth. Bidaud and Tran-Minh (1998) also reported that different PAH-degrading consortia were selected by serial transfer through a mineral salt medium with fluorene, anthracene, phenanthrene, fluoranthene and pyrene but not in a medium with acenaphthene. Similar patterns of growth were found during degradation experiments, and all consortia were able to grow on individual Phe, Fla and Pyr, utilize and degrade it accordingly. Yamane et al. (1997) found that hexadecane-, phenanthrene-and anthracene-utilizing bacteria had the capability of inter-convertibly degrading these substrates. It has been suggested that populations acclimated to a single PAH would have diverse microflora and thus have an ability to degrade a broad range of alternate PAHs (Bauer and Capone, 1988) . In the present study, fluoranthene was most difficult to be degraded and less than 40% degradation of Fla was observed in all enriched consortia (Table 6 ). The Fla-enriched consortium also had the lowest degradation ability. In contrast, the Phe-enriched consortium completely degraded phenanthrene and pyrene. These results indicate the kinds of PAH substrate used for enrichment would affect the types of microbial consortia selected and the degradation ability. Among the three PAH compounds examined, phenanthrene appeared to be the most suitable substrate for enrichment. Phenanthrene has been commonly used as the model PAH for enrichment and degradation studies (Yuan et al., 2000) . Table 6 also reveals that the percentages of PAH degraded by Day 7 were not significantly different N.F.Y. Tam et al. 181 In addition to the same colonies as in Phe-enriched culture, an additional colony, light pink in color, rough concave surface, 4 mm diameter, was found from those on Day 14, probably because all cultures reached the maximum growth in 7 days (Figure 1 ). This indicates that 7 days of cultivation was sufficient to complete the PAH degradation and prolonged treatment did not enhance the degradation abilities of the microbial consortia.
Conclusions
The present study demonstrates that mangrove sediments harbored a variety of microorganisms capable of using PAH as the sole carbon source for growth and degradation purposes. However, the types of enriched consortia, i.e. the composition of the microbial groups, and their ability to degrade PAH would depend on the nature of the sediments, salinity of the medium, and PAH substrates used for enrichment. Phenanthrene-enriched consortia had the highest PAH degradation percentages while fluoranthrene was found to be more resistant to biodegradation and did not support as much microbial growth as the other two PAH compounds. Salinity had significant effects on growth and PAH degradation ability of the enriched microbial consortia in Ma Wan sediments, however, salinity had no influence on the consortia selected from Yi O sediments, indicating salinity effects varied from sediments to sediments. 
